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Introduction {#sec1}
============

Flexible optoelectronic and microelectronic devices have attracted significant attentions due to their merits in terms of flexibility, lightweight, low cost production, and future prospects for roll-to-roll production ([@bib13], [@bib22], [@bib47]), which are all crucial for wearable and mobile devices ([@bib18], [@bib9], [@bib24], [@bib28], [@bib35], [@bib36]). In these applications, mechanically durable power sources are very important component. Flexible organic solar cells (Fl-OSCs), in particular, are currently attracting much interest as a promising clean-energy technology ([@bib38], [@bib26], [@bib1]). With their flexibility, Fl-OSCs play a crucial role as a continuous source of energy supply in those wearable and mobile devices ([@bib29], [@bib25], [@bib44], [@bib31]). However, for some extreme applications, such as thin-film electronics on textiles (clothes and self-powered bags) and other three-dimensional curved surfaces (folding airships), flexibility alone is not enough, as foldability is also urgently required. This quickly promoted the concept and research of foldable organic solar cells (Fo-OSC) ([@bib3], [@bib4], [@bib48]). Although, conventional organic solar cells (OSCs) commonly utilized indium tin oxide (ITO) as the transparent electrode material, which suffers from its high cost and mechanical brittleness ([@bib37], [@bib40], [@bib36], [@bib30]). These factors have limited the applications of ITO on Fl-OSCs, let alone the foldable solar cells, where flexible electrodes for lightweight, wearable, foldable, and stretchable products are highly demanding ([@bib24], [@bib9], [@bib11], [@bib47]). In recent years, a number of emerging flexible transparent electrodes (FTEs) such as graphene, metal nanowires, conducting polymers (CPs), and thin metals have been studied ([@bib23], [@bib37], [@bib45], [@bib8], [@bib27], [@bib39], [@bib20], [@bib7], [@bib19]). Still, each of these FTEs unveils problems such as high cost, difficulty in mass production, lack of reproducibility, inferior toughness, etc, resulting in their incompatibility with Fo-OSC. These obstacles need to be hurdled before the further implementations of Fo-OSCs in practical applications ([@bib3], [@bib4], [@bib5], [@bib33]).

Among these FTEs, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has been extensively used because it offers an extremely uniform and smooth film with highly intrinsic transparency in the visible-light region, good compatibility with roll-to-roll printing, and low-cost solution processability ([@bib32], [@bib36], [@bib12], [@bib37], [@bib6], [@bib46], [@bib34], [@bib2]). To date, high figure-of-merit (FoM) PEDOT:PSS films prepared through doping treatments (such as dimethyl sulfoxide (DMSO), ethylene glycol (EG), and ZonylFS300) ([@bib32]) and surface infiltration treatments, namely post-treatments, with H~2~SO~4~, HNO~3~, H~3~PO~4~, etc, have been reported ([@bib37], [@bib40], [@bib21]). For instance, Ouyang group has reported high conducting PEDOT:PSS films with H~2~SO~4~ treatment ([@bib37], [@bib15]). Lim group has also reported that the conductivity of PEDOT:PSS could reach about 3964 S/cm via post-treatment with HNO~3~ ([@bib40]). Similarly, Zhou group has reported a high PEDOT:PSS films through H~3~PO~4~ treatment ([@bib21]). However, all these acids are highly corrosive, which could easily damage the plastic substrates such as PET, and harmful to health and environment. Therefore, these processing methods are not suitable for the sustainable development of flexible electronic devices in the future. Due to this, the preparation of flexible and durable plastic electrode with high FoM and good environmental friendliness as well as excellent foldability still remained as a significant challenge.

Here, we demonstrate highly efficient Fo-OSCs fabricated on a modified PEDOT:PSS (m-PEDOT:PSS)/polyethylene terephthalate (PET) substrate by polyhydroxy compound (D-sorbitol) micro-doping PEDOT:PSS followed by an eco-friendly acid treatment with citric acid, malic acid, or tartaric acid, respectively. The polyhydroxy compound micro-doping improves the interfacial adhesion of PEDOT:PSS to the PET substrate through a strong hydrogen bond and van der Waals bond affinity and reduces the interfacial mechanical wear. As an alternative to strong corrosive acid, the eco-friendly acids can be easily extracted from green fruits and are harmless to health and the environment, which are thus more suitable for the future large-scale manufacturing of OSCs. Owing to its excellent FoM, superior mechanical flexibility and long-term air stability of the eco-friendly acid-treated m-PEDOT:PSS, the Fo-OSC device is able to produce a high-power conversion efficiency (PCE) of 14.17%. In addition, after 1,000 cycles of continuous bending test or persistent folding, the flexible device still retained over 90% or 80% of the initial PCE, respectively. To the best of our knowledge, this is the highest PCE for folding-flexible OSCs reported so far. For the first time, this work demonstrates that these eco-friendly acid-treated m-PEDOT:PSS FTEs have great potentials for the eco-friendly fabrication of highly efficient Fo-OSCs for future commercial applications in wearable and portable devices.

Results and Discussion {#sec2}
======================

Optical and Electrical Characteristics of PEDOT:PSS {#sec2.1}
---------------------------------------------------

Three green-acid-impregnated as-cast PEDOT:PSS films were selected to precisely adjust the curing concentration of the acid treatment to produce PEDOT:PSS electrodes with high FoM. These three eco-friendly acids can be easily extracted from lemons, apples, and grapes by industrial methods, namely citric acid, tartaric acid, and malic acid (the molecular structure as shown in [Figure 1](#fig1){ref-type="fig"}A), respectively. [Figure 1](#fig1){ref-type="fig"}C plots the square resistance (*R*~sq~) values of the PEDOT:PSS films with different kinds and concentrations of acids. The conductivity of PEDOT:PSS films with various eco-friendly acid treatment are shown in Figure S3. Obviously, the film treated with citric acid at 58 wt.% achieves the highest conductivity (1960 S/cm) and the lowest *R*~sq~ (\~93 Ωsq^−1^). All *R*~sq~ of the treated PEDOT:PSS films decreases as the concentration of the three acids increases. Because of the difference in the number of hydrophilic terminal (hydroxyl groups and carboxyl groups), the saturation of citric acid, tartaric acid, and malic acid in deionized water are approximately 58 wt. %, 58 wt. %, and 52 wt. %, individually. [Figures 1](#fig1){ref-type="fig"}B and [S1](#mmc1){ref-type="supplementary-material"} show the transmittance spectra of the PEDOT:PSS films with different eco-friendly acid treatment. Obviously, the PEDOT:PSS films with optimum transmittance is obtained by citric acid treatment due to the removal of a large amount of PSS components and a better crystallinity of PEDOT. Among these eco-friendly acids, the saturate concentration of acid depends on the number of hydrophilic groups, and the carboxyl groups can better induce the conformational change of PEDOT from the coil to extended-coil or linear nanofibrils structure. Consequently, it results in a more delocalized positive charge on PEDOT. It can be seen that the PEDOT:PSS films with the three eco-friendly acid treatments exhibit a broad plateau above 85.0% in the visible and near-infrared regions, endowing them good candidates for the transparent conductive electrodes of OSCs. In addition, FoM is a more comprehensive parameter for evaluating the performance of flexible electrodes, where higher FoM values always correspond to better optoelectronic properties of FTEs. The FoM for transparent conductors is defined as the ratio of direct current conductivity (*σ*~dc~) to optical conductivity (*σ*~op~) ([@bib32]):$$\text{FoM} = \frac{\sigma_{\text{dc}}}{\sigma_{\text{op}{(\lambda)}}} = \frac{188.5}{R_{\text{sq}}\left( {T_{(\lambda)}^{- 0.5} - 1} \right)}$$where *λ* is the wavelength of light at which the transmittance is measured (typically 550 nm) and *R*~sq~ is the square resistance. Typically, FoM greater than 35 is the minimum benchmark for indicating the commercial viability of a transparent conductor ([@bib36]). [Figure 1](#fig1){ref-type="fig"}C plots the FoM values of the three green acid-treated PEDOT:PSS films. The FoM of citric-acid-treated PEDOT:PSS films is the highest among the three acid-treated films, exceeding 35 and up to 54. Meanwhile, the FoM of tartaric-acid- and malic-acid-treated PEDOT:PSS films reaches 39 and 34, respectively, which is greater than the minimum benchmark for indicating the commercial viability of a transparent conductors. [Table S1](#mmc1){ref-type="supplementary-material"} summarizes the conductivities and *R*~sq~ of various acid-treated PEDOT:PSS films. It is well known that some strong and corrosive inorganic acids, such as H~2~SO~4~, HNO~3~, and H~3~PO~4~, can improve their conductivity by removing PSS from PEDOT:PSS, but these strong inorganic acids could easily severely damage the plastic substrates such as PET, and be harmful to the environment and human body. To this end, eco-friendly and low-cost acid extracted from fruits can be utilized as a substitute to the strong and corrosive inorganic acids to improve the conductivity of PEDOT:PSS for its application of transparent electrodes in OSCs.Figure 1Optoelectrical Performance of PEDOT:PSS Electrodes(A) Molecular structures of citric acid, tartaric acid, and malic acid, respectively.(B and C) (B) Transmittance spectrum. (C) *R*~sq~ and FoM of the PEDOT:PSS films with the three eco-friendly acids treatments at different concentrations

Transmittance and Morphology Investigations of PEDOT:PSS {#sec2.2}
--------------------------------------------------------

Considering that the sunlight is absorbed and utilized by the photoactive layer, it primarily passes through the transparent anode, so it is critical to ensure high transmittance and low resistance. [Figures 2](#fig2){ref-type="fig"}A, 2D, and [S3](#mmc1){ref-type="supplementary-material"} shows the transmittance spectra, average transmittance, *R*~sq~, and conductivity of PEDOT:PSS electrodes with common various acids treatment (data summarized in [Table S1](#mmc1){ref-type="supplementary-material"}). ITO/PET shows poorest transmittance properties, especially low in the shorter (\<450 nm) and higher wavelength region (\>650nm). Even without considering its inherent physical properties of being rigid, bulky, and fragile, such low transmittance in the major absorbing region makes ITO an unsuitable alternative for the preparation of highly efficient Fl-OSCs. Highly conductive PEDOT:PSS transparent electrodes have been reported by acid treatment, such as sulfuric acid, nitric acid, phosphoric acid, etc. ([@bib14], [@bib21]). Although nitric acid and sulfuric acid treatment can obtain high conductivity, PEDOT often rearranges and crystallizes due to its strong acidity, causing poor transmissivity of electrodes. In addition, powerful oxidizing properties can also severely destroy the plastic substrates, making them unsuitable for preparing high-efficiency Fl-OSCs. Phosphoric-acid- and acetic-acid-treated PEDOT:PSS films can obtain better transmittance, but its poor conductivity hinders its application a high-quality transparent electrode for the flexible photovoltaic cells (as shown in [Figure S3](#mmc1){ref-type="supplementary-material"}). High-quality FTEs based on eco-friendly acids exhibit excellent optoelectronic performance (high conductivity and transmittance) and good compatibility, protecting the plastic underlying substrates, which is an effective way toward realizing highly efficient and flexible OSCs.Figure 2Transmittance and Morphological Characteristics of FTEs(A) Transmittance spectrum of ITO/PET and PEDOT:PSS with various acid treatment.(D) Comparison of the transmittance at 550 nm and average transmittance of various transparent electrodes.(B and E) Fitted S 2pXPS spectra: (B) as-cast films, (E) the films with optimal concentration citric acid treatments.(C and F) TEM images of the (C) pristine, (F) citric-acid-treated PEDOT:PSS films on PET plastic substrates. The insets: AFM images corresponding to PEDOT:PSS films. Scale bar: 2 × 2 μm^2^.

To investigate the surface morphological features of the green-acid-treated PEDOT:PSS films, transmission electron microscope (TEM) and atomic force microscopy (AFM) were conducted. [Figures 2](#fig2){ref-type="fig"}C and 2F show the TEM image of the PEDOT:PSS films treated without and with citric acid, and insets are AFM image of the corresponding sample. As-cast PEDOT:PSS film exhibits coiled structures with no obvious aggregation. When highly concentrated green acid is dropped on the as-cast PEDOT:PSS film, H^+^ from the acids will associate with the PSS^−^ to form neutral PSSH in the PEDOT:PSS films ([@bib37], [@bib17], [@bib10]). These PSSH chains are neutral and, therefore, do not have any Columbic interactions with PEDOT in the films. As a result, PSSH chains are segregated away from the films matrix, which becomes the major reason of the larger phase separation in the eco-friendly acid-treated PEDOT:PSS films compared with the as-cast film. Furthermore, these PSSH chains can be removed from the films through washing, which reduces the energy barrier width for inter-chain and inter-domain charge hopping. In addition, PEDOT by nature has a coil conformation as a result of the coiled PSS^−^ conformation and the Columbic interactions between PSS^−^ and the positively charged PEDOT in the as-cast PEDOT:PSS films. The disappearance of the Columbic interaction due to the formation of PSSH in the green acid-treated PEDOT:PSS films has also induced the conformational change of PEDOT from the coil to extended-coil or linear nanofibrils structure (as shown in [Figure 2](#fig2){ref-type="fig"}F), which results in a more delocalized positive charge on PEDOT. Both the conformational change and the removal of PSSH have led to the conductivity improvement of the film. This observation is consistent with the AFM results, where the root-mean-square (RMS) roughness of pristine film (1.64 nm) was increased to 2.59 nm due to citric acid treatment. Tartaric-acid- and malic-acid-treated PEDOT:PSS films exhibited a similar phase separation with RMS roughness as high as 2.74 nm and 2.52 nm, respectively (as shown in [Figure S5](#mmc1){ref-type="supplementary-material"}).

The atomic contents and elemental states of the PEDOT:PSS films were conducted by X-ray photoelectron spectroscopy (XPS) measurement. [Figures 2](#fig2){ref-type="fig"}B, 2E, and [S6](#mmc1){ref-type="supplementary-material"} show the S 2p X-ray photoelectron spectroscopy (XPS) of the as-cast film and the films with the three acid treatments. It illustrates the S 2p photoelectron peaks consisting of the spin-split doublet (S 2p 1/2 and S 2p 3/2) for which relative intensity ratio was 1:2. Notably, the XPS bands between 167 and 171 eV are mainly originated from the sulfonate moieties (--SO~3~H) of PSS, whereas, the XPS bands between 161 and 167 eV are mainly originated from thiophene rings (--S--) of PEDOT([@bib14]). The fitted peaks colored in black correspond to the S^+^ in the PEDOT:PSS films. Our curve fitting results show that the PSSH peak intensity was significantly reduced for the three acid-treated samples, which indicates that some PSSH was significantly removed upon the three acid treatments on PEDOT:PSS ([@bib41], [@bib42]). These results are responsible for the improved FoM of PEDOT:PSS. It was found that the removal of a large amount of PSS components from the PEDOT:PSS matrix resulted in the structural rearrangement of PEDOT with enhanced crystallinity. It is widely acknowledged that crystalline order in CPs facilitates an efficient intra- and inter-chain charge transport, resulting in a highly conducting state ([@bib14]). [Figure S7](#mmc1){ref-type="supplementary-material"} presents the energy dispersive spectrometer (EDS) elemental mapping distribution of the S element in the pristine PEDOT:PSS film and the films treated with three eco-friendly acids. EDS shows that the S element distribution of pristine PEDOT:PSS film is relatively dense, whereas the distribution of S elements in the film after three eco-friendly acid treatments is rare, which is in accordance with the XPS test results.

Physical Properties of PEDOT:PSS Films {#sec2.3}
--------------------------------------

For making high-quality FTEs, it is necessary to have the optimal bending properties without reducing the transparency and conductivity of the electrode. Acid treatment of the PEDOT:PSS films will greatly increase the conductivity of the films but will reduce the flexibility of the films at the mean time. Harsh bending deformation may cause crack propagation in the acid-treated PEDOT:PSS films, resulting in a stark increase in the films resistance, thus affecting the bending and folding properties of the electrode and the resulted OSCs. The issue can be circumvented by adding an appropriate amount of D-sorbitol to the PEDOT:PSS to increase the adhesion of the PEDOT:PSS solution and strengthen the interface bonding between the FTEs and PET substrate, thereby increasing the flexibility of the PEDOT:PSS films. [Figure 3](#fig3){ref-type="fig"}A shows the schematic illustration of the hydrogen bond and the van der Waals bond effect that would provide a somewhat stronger adhesion of PEDOT:PSS films on PET, thus obtaining a high-quality FTE. To investigate the interface bonding interactions between the PEDOT:PSS and plastic substrate, the monitoring on the adhesive force was conducted, as depicted in [Figure 3](#fig3){ref-type="fig"}B. Pure PEDOT:PSS solution has a relatively low adhesion force of 0.084 mN. When a proper amount of polyhydroxy compound is added to the PEDOT:PSS solution, the adhesion force of the PEDOT:PSS solution can be significantly improved to 0.182 mN, so that a transparent electrode with high mechanical properties can be obtained.Figure 3Mechanical Properties and Air-Stability of PEDOT:PSS Electrodes(A) Schematic illustration of the increase in mechanical flexibility of PEDOT:PSS/PET with polyhydroxy compound.(B) Adhesive force of pure PEDOT:PSS solution and PEDOT:PSS solution doped with 5% D-sorbitol (inset is the schematic of the process for adhesion force measurement).(C) *R*~sq~*/R*~sq(o)~ of PEDOT:PSS/PET and m-PEDOT:PSS (doped with polyhydroxy compound)/PET as a function of bending cycles.(D) *R*~sq~*/R*~sq(o)~ variation of m-PEDOT:PSS/PET with three eco-friendly acid treatments as a function of storage days in air.

High-quality FTEs should retain most of its initial conductivity when subjected to bending and folding deformation. [Figure 3](#fig3){ref-type="fig"}C shows the variation of *R*~sq~ of m-PEDOT:PSS/PET with bending radius (*r*) of 4 mm and citric-acid-treated PEDOT:PSS/PET (control sample) with folding as a function of the number of bending cycles. The conductivity of the m-PEDOT:PSS film made by doping a small amount of polyhydroxy compound in PEDOT:PSS is not deteriorated. Our bending study shows that two samples based on m-PEDOT:PSS/PET and PEDOT:PSS/PET retained a lower *R*~sq~ when they are subsequently relaxed after 1,000 cycles of bending (*r*: 4.0 mm), which is increased by 4% and 13% compared with the initial value, respectively. For the folding bending, the two samples increased by 24% and 44% in *R*~sq~, respectively, which indicates that the incorporation of polyhydroxy compound increases the toughness of the PEDOT:PSS film and its adhesion to the PET substrate. Thereby, the film can maintain high electrical conductivity under large mechanical changes.

PEDOT: PSS film can easily absorb moisture in a humid environment; it is possible to make the conductive polymer susceptible to moisture and affect the charge jump of the PEDOT:PSS film, thereby reducing the conductivity. Therefore, we further investigated the air stability of PEDOT:PSS/PET samples with three eco-friendly acid treatment exposed to ambient air (temperature: 10°C --20°C; humidity: 50%--65%). [Figure 3](#fig3){ref-type="fig"}D shows *R*~sq~*/R*~sq(o)~ variation of m-PEDOT:PSS/PET with three eco-friendly acid treatments within a three-month period. An increase of 10% in *R*~sq~ is observed for the m-PEDOT:PSS films that are treated with citric acid. The other two acid-treated m-PEDOT:PSS films have a larger increase of 33%--40% in *R*~sq~. Although PEDOT:PSS film storage conditions are harsh and sensitive, the limited increase in *R*~sq~ of m-PEDOT:PSS/PET indicates that PEDOT:PSS has good air stability.

Device Performance {#sec2.4}
------------------

On the basis of the PEDOT:PSS/PET substrates, we fabricated Fo-OSC with a structure of PET/m-PEDOT:PSS FTE/PEDOT:PSS (4083)/photoactive layer/perylenediimide functionalized with amino N-oxide (PDINO)/Al (as shown in [Figure 4](#fig4){ref-type="fig"}A). The photoactive layer consists of a mixture of electron donor poly\[4,8-bis(5-(2-ethylhexyl)4-fluorothiophen-2-yl) benzo\[1,2-b:4,5-b'\]-dithiophene-alt1,3-bis(thiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo-\[1,2-c:4,5-c'\]-dithiophene-4,8-dione\] (PBDB-T-2F) and electron acceptor 2,20-((2Z,20Z)-((12,13-bis(2ethylhexyl)-3,9-diundecyl-12,13-dihydro-\[1,2,5\] thiadiazolo\[3,4-e\]thieno\[2,\"30':4′,50\] thieno\[20,30:4,5\] pyrrolo\[3,2-g\]thieno\[20,30:4,5\]thieno\[3,2-b\]indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene)) dimalononitrile (Y6) ([@bib43]; [@bib49]). [Figure S8](#mmc1){ref-type="supplementary-material"} shows the molecular structures of PBDB-T-2F, Y6, PDINO, and PEDOT:PSS, respectively. The energy level alignment of the components of the flexible devices is shown in [Figure S9](#mmc1){ref-type="supplementary-material"}.Figure 4Photovoltaic Characteristics of Folding-Flexible OSCs(A) Device structure of the flexible OSC.(B) *J--V* characteristics of flexible OSCs fabricated on ITO/PET and PEDOT:PSS/PET with three eco-friendly acid treatments.(C) Optimal *J--V* characteristics of flexible OSCs fabricated on m-PEDOT:PSS/PET with citric acid treatments (insert is corresponding histogram distribution of PCE counts for 20 individual devices).(D) Recent scatterplot report for PCE values of flexible OSCs, all references are listed in [Supplemental Information](#appsec1).

In order to evaluate the performance of Fo-OSC, control devices with ITO (=120 nm)/glass were first fabricated with efficiency of 15.41%. [Figure 4](#fig4){ref-type="fig"}B shows the current density--voltage (*J--V*) curves of flexible devices fabricated on ITO/PET and PEDOT:PSS/PET substrates with three eco-friendly acid treatment. Note that the PEDOT:PSS/PET electrode was prepared by spin coating PEDOT:PSS on PET followed by a subsequent green acid treatment under optimized concentration. Flexible devices of PEDOT:PSS with citric acid, tartaric, and malic acid treatment exhibit an efficiency of 13.94%, 13.47%, and 12.90%, respectively, consistent with the optical performance of the corresponding electrode. [Table 1](#tbl1){ref-type="table"} summarizes the photovoltaic performance data of all the flexible OSC devices. [Figure 4](#fig4){ref-type="fig"}C reveals the *J--V* test result of the prepared optimal Fl-OSCs based on citric-acid-treated m-PEDOT:PSS/PET. The folding-flexible devices yielded the best PCE of 14.17% with *V*~OC~ of 0.831 V, *J*~SC~ of 23.60 mA cm^−2^, and FF of 72.23%, which is the highest value reported so far for Fl-OSCs (as shown in [Figure 4](#fig4){ref-type="fig"}D and [Table S2](#mmc1){ref-type="supplementary-material"}). Inset is the corresponding histogram distribution of PCE counts for 20 individual devices. Unfortunately, the reference solar cells based on ITO/PET exhibited a low initial PCE of 11.03%, which was mainly caused by the low-quality sputtering that yielded a relatively low optical transparency, especially low in the shorter (\<450 nm) and higher wavelength region (\>650nm), and high reflectivity (see [Figures 2](#fig2){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}), implying a promising replacement of ITO by the eco-friendly acid-treated PEDOT:PSS electrode. The external quantum efficiency (EQE) spectra of the rigid and flexible OSCs are shown in [Figure S10](#mmc1){ref-type="supplementary-material"}. EQE spectrum of the m-PEDOT:PSS/PET-based flexible device has a higher peak in the wavelength range from 320 to 420 nm compared with the ITO/glass-based reference device. Conventional ITO/glass transparent electrodes have a strong reflectance at near-ultraviolet wavelengths, thus limiting the absorption of active layer in this wavelength range (as shown in [Figure S2](#mmc1){ref-type="supplementary-material"}).Table 1Photovoltaic Performances of Flexible Devices Based on PEDOT:PSS Films and ITODevices*V*~oc~ \[V\]*J*~sc~ \[mA cm^−2^\]FF \[%\]PCE (ave.[a](#tblfn1){ref-type="table-fn"}) \[%\]ITO (110 nm)/Glass0.84125.3772.2615.41 (15.02)PEDOT:PSS/PET[b](#tblfn2){ref-type="table-fn"}0.83423.2971.7913.94 (13.51)PEDOT:PSS/PET[c](#tblfn3){ref-type="table-fn"}0.82722.5372.2813.47 (13.23)PEDOT:PSS/PET[d](#tblfn4){ref-type="table-fn"}0.81622.1271.4512.90 (12.78)m-PEDOT:PSS/PET0.83123.6072.2314.17 (13.73)ITO (120 nm)/PET0.83319.7866.8811.03 (10.83)[^2][^3][^4][^5]

Bending Performance of Flexible Devices {#sec2.5}
---------------------------------------

In order to compare the bending flexibility of these flexible devices, the bending test was carried out in a nitrogen-filled glove box without encapsulation. These devices were bent on a cylinder with a radius of 4 mm. [Figure 5](#fig5){ref-type="fig"}A shows the change in normalized PCEs of the three flexible devices in a continuous bending test. Our results show that the Fo-OSC with m-PEDOT:PSS/PET maintains a high efficiency without significant reduction after 500 bending cycles. In addition, this device still maintains over 90% of the original PCE even after 1,000 bending cycles. Meanwhile, flexible device based on PEDOT:PSS/PET substrate is able to retain about 88% of the original PCE value after 1,000 bending cycles. In contrast, after 1,000 cycles of bending, the PCE of ITO-based flexible device has dropped dramatically due to the intrinsic fragility of the sputtered ITO films, maintaining only 47% of the original PCE. The trend for PCE in the bending test indicates that the incorporation of polyhydroxy compound significantly improves the mechanical flexibility of the flexible ITO-free OSC devices.Figure 5Mechanical Flexibility of OSCs(A) Changes in normalized PCEs of the flexible devices based on ITO/PET and citric-acid-treated m-PEDOT:PSS/PET and PEDOT:PSS/PET in a continuous bending test.(B) Changes in normalized PCEs of optimal flexible device based on citric-acid-treated m-PEDOT:PSS/PET electrode with mid-device and Al top electrode folding.

In order to investigate the mechanical folding performance of the Fl-OSCs based on m-PEDOT:PSS/PET, the device is to be subjected to folding to induce vertical creases. [Figure 5](#fig5){ref-type="fig"}B shows the change in normalized PCEs of flexible devices when subjected to folding. As depicted in the figure, the efficiency of flexible solar cells with m-PEDOT:PSS/PET is significantly reduced when folded five to ten times. However, after being folded 1,000 times, the flexible devices still maintained a reasonable PCE of 83% (mid-device folding) and 73% (Al top electrode folding). The mechanical flexibility of the device is mainly attributed to the fact that the incorporation of polyhydroxy compound in PEDOT:PSS can improve the adhesion of PEDOT:PSS solution (see [Figure 3](#fig3){ref-type="fig"}B), so that PEDOT:PSS can be well combined with the PET plastic substrate, thereby improving the robustness of PEDOT:PSS electrode. In addition, the low *R*~sq~ value imparted by the continuous conductive path on the polyhydroxy compound also contributes to the improved flexibility of the electrode. Overall, our results highlight the importance of polyhydroxy compound for high-performance Fo-OSC.

Conclusions {#sec2.6}
-----------

In summary, we have demonstrated a highly efficient and folding-flexible OSC fabricated on m-PEDOT:PSS/PET substrates with environment-friendly acid treatment. Through doping of polyhydroxy compound and treatment with eco-friendly acid, it has endowed the m-PEDOT:PSS electrode to be resilient to severe bending and folding deformation, exhibiting a high FoM of 54, an excellent mechanical flexibility and foldability as well as a long-term air stability. Thus, the green-acid-treated folding-flexible OSCs showed a high PCE of 14.17%, *V*~OC~ of 0.831 V, *J*~SC~ of 23.60 mA cm^−2^, and FF of 72.23% with an excellent folding flexibility. Our work opens a new avenue to the investigation of the low-cost eco-friendly acid-treated PEDOT:PSS flexible transparent electrodes for further implementation of wearable, foldable, and cost-effective OSCs, which are of great potential to promote the commercialization of OSCs.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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